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Wavelet analysis of stratospheric gravity wave packets
over Macquarie Island
2. Intermittency and mean-flow accelerations

Florian Zink and Robert A. Vincent

Department of Physics and Mathematical Physics, University of Adelaide, Adelaide, South
Australia

Abstract. We calculate the mean-flow accelerations due to gravity wave packets
observed in the lower stratosphere over Macquarie Island (55°S, 159°E) between
February 1994 and April 1995. The parameters of the wave packets were extracted
from twice-daily radiosonde soundings using a wavelet-based analysis method
introduced by Zink and Vincent [this issue]. The deduced wave parameters are
used to directly compute momentum flux profiles in the lower stratosphere, and the
shortcomings of this approach to assess mean-flow accelerations are discussed. We
then use the observed wave packets as an input spectrum in a linear ray-tracing
model. The vertical extent of the detected wave packets allows us to define an
expression for wave intermittency, which enables us to compute zonal accelerations
in the stratosphere and mesosphere. In the stratosphere the waves produce an
acceleration of the mean flow, in accordance with predictions. In the mesosphere
the inferred wave drag is 2-3 times larger than previous observational and theoretical

estimates.

1. Introduction

Gravity waves can transport energy and momen-
tum from the troposphere to the middle and upper
atmosphere (see Fritts [1984] for a review) and influ-
ence large-scale temperature and circulation patterns
[Geller, 1983]. Using the gravity wave parametrization
of Lindzen [1981], the importance of wave drag and dif-
fusion in the middle atmosphere was demonstrated in
numerical simulations [Holton, 1982, 1983; Dunkerton,
1982; Garcia and Solomon, 1985]. For low-frequency
gravity waves, both the vertical flux of horizontal mo-
mentum and the horizontal transport of heat are impor-
tant to describe the wave mean-flow interactions. Both
contributions are contained in the so-called Eliassen-
Palm flux, which can be expressed as pu’w/d_, where
d_ =1— f%/w? [Pritts and Vincent, 1987]. The result-
ing zonal acceleration of the mean background flow can
then be expressed as

__10, -
(Azonal) = —P 92 (Pu w 5—)5 (1)

where strictly the angle brackets should be a zonal aver-
age, but here they denote a temporal average [Fritts and
Vincent, 1987]. Profiles of momentum flux can either
be computed directly from measurements at the respec-
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tive height levels, or they can be inferred from modeling
studies where a given gravity wave source spectrum is
propagated through the atmosphere.

In a companion paper [Zink and Vincent, this issue]
hereinafter referred to as ZV, we introduced an anal-
ysis technique to detect gravity wave packets in high-
resolution radiosonde soundings. Wave packets in hor-
izontal wind velocity were detected using the wavelet
transform and the wave parameters extracted by Stokes
parameter analysis. Here the vertical extent of the
packet is defined as the fullwidth at half maximum of
the horizontal wind variance of the reconstructed wave
packet. The packet is reconstructed by summing the
complex coefficients of all attributing wavelets (see ZV
for further details).

Application of the technique to twice-daily sound-
ings at Macquarie Island (55°S, 159°E) for a period
of 2 years allowed us to deduce the characteristics of
gravity wave packets in the lower stratosphere. Pa-
rameters such as horizontal and vertical wavenumbers,
intrinsic frequency, packet amplitude, and vertical ex-
tension were computed for wave packets observed in
the height region between 15 and 30 km for summer
(November to March) and winter (April to October).
These parameters are important to initialize gravity
wave parametrization schemes [Lindzen, 1981; Fritts
and VanZandt, 1993; Hines, 1997; Warner and Mcin-
tyre, 1999], which are used in numerical models to take
unresolved wave effects into account. In our discussion,
special emphasis was put on the observational filter
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inherent in our radiosonde measurements [Alezander,
1998]. The method can only observe waves with verti-
cal wavelengths between ~1.2 and 11 km. Waves with
wavelengths outside this region are either strongly at-
tenuated by smoothing inherent in the radiosonde data
processing or they are difficult to distinguish from vari-
ations in the background atmosphere.

In this paper we use the inferred parameters to as-
sess the effect the observed waves have on the mean
flow in the lower and middle atmosphere. As the
signal-processing parameters of the radiosonde equip-
ment were altered in January 1994, only soundings after
that date were included in our analysis. In section 2 we
compute the momentum flux profile from the gravity
wave parameters of each observed wave packet and dis-
cuss the shortcomings of such profiles for the assessment
of wave mean-flow interactions. To overcome some of
these problems, we derive an expression for wave inter-
mittency in section 3 and apply it to deduce the effects
of the observed gravity waves on the background at-
mosphere in a linear ray-tracing model. We conclude
the paper with a summary in section 4. Notations and
gravity wave polarisation and dispersion relations are
the same as applied in ZV.

2. Calculation of Momentum Flux
Profiles

Different observational techniques have been used to
estimate momentum fluxes in the lower atmosphere.
Lilly and Kennedy [1973] and Alexander and Pfister
[1995] used aircraft-mounted systems to measure mo-
mentum fluxes associated with orographically and con-
vectively generated gravity waves, respectively. Vincent
and Reid [1983] developed a radar method to infer mo-
mentum fluxes from symmetric-beam Doppler measure-
ments, which has been applied in the lower and middle
atmosphere [Fritts et al., 1990; Sato, 1994; Murayama
et al., 1994; Worthington and Thomas, 1996; Reid and
Vincent, 1987; Tsuda et al., 1990].

Radiosonde data have also been used for estimation
of momentum fluxes. Shutts et al. [1988] calculated the
momentum flux of a single gravity wave from fluctua-
tions in balloon ascent rate and horizontal perturbation
velocities. Mobbs and Rees [1989] made use of the same
variables to compute momentum flux profiles over the
whole sounding range. The estimation of the vertical
perturbation velocity from fluctuations in balloon as-
cent rate, however, is only reliable for large-amplitude
waves. Smaller fluctuations can be due to measure-
ment errors of radiosonde altitude or changed drag co-
efficients of the balloon.

It can therefore be advantageous to calculate the ver-
tical perturbation velocity from observed temperature
fluctuations, which are measurable with a much higher
accuracy. If the intrinsic frequency of the contributing
waves is known, the momentum flux can be expressed
using the polarization relations as
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(2)

Here the overbar denotes spatial average and T_’|_90 is the
vertically 90° phase-shifted (i.e., Hilbert transformed),
normalized temperature fluctuation 7" so that u’ﬁ_go
changes sign according to the sign of m.

Sato and Dunkerton [1997] analyzed 10 years of twice-
daily radiosonde data at Singapore. They calculated
quadrature spectra from time series of horizontal wind
speeds and temperature and used (2) to compute the
corresponding momentum fluxes. They ignored the
Doppler shift between intrinsic and ground-based fre-
quency and used the ground-based frequency in their
computations, since the mean wind in the considered
height range was weak. Vincent et al. [1997] and Allen
[1996] fitted observed mean spectra to the spectral pa-
rameterization of Fritts and VanZandt {1993] and in-
tegrated over the model spectrum to find an intrin-
sic mean frequency @, which was then used in (2) to
compute the momentum flux from measured values of

u”f‘_’l_go. Their method therefore assumes similar prop-
agation characteristics for all waves independent of fre-
quency, even though mainly low-frequency waves were
resolved.

The wavelet analysis developed in ZV provides all re-
quired gravity wave parameters to compute the momen-
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Figure 1. Contour plots of monthly averages of mo-
mentum fluxes (top) pu’w'd_ and (bottom) pv’w’d_ for
waves with intrinsic frequencies less than 10 f.
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Table 1. Mean values of Momentum Fluxes for Winter and Summer

at Heights of 20 and 28 km

(Ww'ss),  (@we),  (pwwlsl), (pvwis_),

m?s? m2s—? Nm™?2 Nm™?
Winter, 20 km  -1.3 x10™2 -1.2 x10™2 -1.0 x10~° -9.3 x10™*
Winter, 28 km  -1.6 x10™? -1.8 x10™2 -3.7 x10~* -4.1 x10~*
Summer 20 km  -6.6 x10™! -1.2 x10™® -5.6 x10™® -9.9 x10~°
Summer, 28 km 2.1 x10~%® -1.8 x10~°® 5.1 x10~°® -4.5 x10~°

See text for variable descriptions.

tum flux of each detected wave packet. We computed
the height profiles of momentum flux by assuming a
Gaussian shape of the wave packets with a full width at
half maximum as determined by the wavelet analysis.
We used (2) to compute the momentum flux from values

of u’T_j_go calculated from the perturbation amplitudes
of the detected wave packets. The density at the height
of the wave packet was obtained from monthly averaged
temperature profiles using the hydrostatic approxima-
tion; that is,

z dll

p(z) = p(zo) exp ™ Jeo FolT, 3)

where

1
+

= g
RT
is the density scale height.

Figure 1 shows contour plots of monthly averages of
pu'w'd_ and pv'w’d_ calculated for all detected waves
with intrinsic frequencies less than 10 f. Here f is the
Coriolis frequency, which has a value of 1.19 10~* rad
s~! at Macquarie Island, corresponding to a period of
~14.7 hours. This cutoff was chosen as the majority
of the detected waves have frequencies | 10 f, and the
determination of intrinsic frequencies from hodograph
analysis is prone to large uncertainties for high intrinsic
frequencies. The mean values of the momentum fluxes
at heights of 20 and 28 km are given in Table 1 for
summer and winter.

The shape of the momentum flux profiles agrees well
with Allen [1996], although our values are up to an
order of magnitude smaller than the ones reported by
Allen [1996] and Vincent et al. [1997]. This, however,
can be explained by the restriction of our analysis to
waves with intrinsic frequencies | 10 f, while Allen
[1996] and Vincent et al. [1997] used the full spectrum of
waves in their calculations. More important, the spec-
tral approach adopted by Allen [1996] and Vincent et al.
[1997] to calculate a mean frequency almost certainly
overestimates the wave fluxes [ Vincent and Alezander,
2000; Alezander and Vincent, 2000].

In comparison with other experimental observations
and in assessing the importance of the observed grav-
ity waves for the mean circulation, the limited fre-

14T (4)

T dz

quency range and our vertical wavelength bandwidth
of ~1.2 to 11 km have to be kept in mind. For the
same reason an estimation of mean-flow acceleration
from these momentum flux profiles is prone to large
errors: Consider a wave packet propagating dissipa-
tionless through the background atmosphere. Owing to
changes in background wind, the vertical wavenumber
of the wave packet will change along its path. If the ver-
tical wavenumber is within the observable range for cer-
tain height regions and out of this range for other height
regions, the momentum flux profile from radiosonde ob-
servations will show artificial variations with height,
leading to errors in the calculated accelerations of the
background wind.

One can circumvent this difficulty if ray-tracing tech-
niques are applied. After extracting the wave parame-
ters in a height region where the wave packet is observ-
able, the parameters of the wave packet can be calcu-
lated for the whole height range of interest. It is then
possible to compute the momentum flux even for those
height regions, where the vertical wavenumber of the
wave packet is not within the observable range, avoiding
variations in the momentum flux estimates due to the
observational filter. Ray tracing, furthermore, enables
us to propagate the gravity wave spectrum to higher re-
gions of the atmosphere which are inaccessible to direct
measurements with radiosondes.

3. Mean-flow Accelerations and
Intermittency

3.1. A Linear Ray-Tracing Model

For our modeling studies we applied a simple, linear-
ray tracing model similar to Eckermann [1992], Marks
and Eckermann [1995], Alezander [1996], and Warner
and McIntyre [1996]. A single-column model is adopted,
since we have access to data from one geographic loca-
tion and have no information about the fine-scale “ge-
ography” of wave sources [ Warner and McIntyre, 1996].

If one assumes no explicit dependence of the back-
ground atmosphere on horizontal position £ and y and
time ¢, then the horizontal wavenumbers k and I and the
ground-based frequency w of a wave packet are constant
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along its ray. The intrinsic frequency w as a function of
height is then given by

w(z) =w — u(2)k — v(2)l, (5)
and the vertical wavenumber m(z) can be obtained from
the dispersion relation.

The integration along the ray path is taken from the
source level until a turning or critical level is encoun-
tered, i.e. m — 0 or @ — f, respectively. In the absence
of dissipation, the amplitude of the wave packet along
the ray is determined by the conservation of wave action
flux [Lighthill, 1978], which, in a single-column model,
can be written as

(6)

where ¢ ; is the vertical group velocity and E the total
energy density. Using the polarization equations in the
Boussinesq approximation, this can be expressed as

g
F = 22— — const,
@

1 -2 f?
F = _%pufl (1 - F) = const,

(7)
where dlll is the peak perturbation amplitude parallel to
the intrinsic propagation direction of the wave packet.
Equation (7) is used to calculate the amplitude of
the wave packet from one level to the next when dissi-
pation is negligible. Radiative damping, however, can
severely attenuate the amplitude of slowly propagat-
ing gravity waves. We therefore included this dissipa-
tive process in our model using the parameterization of
Zhu [1993]. His scheme allows the calculation of the
scale-dependent radiative damping rate 7;aq as a func-
tion of altitude for a given temperature profile. Radia-
tive damping attenuates the amplitude of a wave packet
by a factor exp(—7rada(2)Az/cq - (2)) during its propa-
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Figure 2. Radiative damping rates for the Cospar
International Reference Atmosphere (CIRA) in June
at 50° S for vertical wavelengths of 2 (solid curve), 5
(dotted curve), 10 (dashed curve), and 20 (dot-dashed
curve) km.
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gation through a height interval Az at height z. Figure
2 shows examples of damping rates for the COSPAR
International Reference Atmosphere (CIRA) in June at
50° S.

If the resulting amplitude exceeds the critical ampli-
tude for dynamical instability (equation (16) in ZV),
it is thresholded to this value. This corresponds to a
dissipation mechanism that acts instantaneously once
the critical amplitude is reached and stops as soon as
the amplitude is restored to a subcritical value. This
approach is often used, but it is, of course, not entirely
self-consistent since the linear solution will break down
before breaking occurs [Andrews et al., 1987]. The ex-
istence of a threshold amplitude for instability renders
the saturation mechanism nonlinear. Hence it is im-
portant to use actual wave packet amplitudes and not
averages over space or time.

3.2. Intermittency and Gravity Wave Source
Spectrum

While the nonlinear saturation mechanism requires
the knowledge of actual wave packet amplitudes to cor-
rectly identify the heights where saturation becomes im-
portant, the mean zonal acceleration (1) depends on the
temporally averaged momentum flux. The observation
of wave packets in the radiosonde data indicates a de-
gree of intermittency in the gravity wave field; that is,
the wave packets are present only for a certain amount
of time at each height level. The observed intermittency
may be due to several factors, including intermittency
of the sources themselves. Propagation of waves from
other latitudes and longitudes, and the associated prop-
agation effects, could also lead to the observed intermit-
tency.

While we make no assumptions about the cause(s) of
the intermittency, we do need to quantify the degree of
intermittency in order to apply a correction factor to
the momentum flux profile of each wave packet to ob-
tain the required temporal average. Owing to the lack
of information about wave intermittency, this correc-
tion factor was chosen arbitrarily in previous modeling
studies to give reasonable magnitudes of acceleration at
the required levels in the atmosphere [Alezander and
Rosenlof, 1996; Hamilton, 1997]. The use of wavelet
analysis, however, gives us information about the ver-
tical extent of the gravity wave packets and can shed
some light on the gravity wave intermittency.

We define the residence time 7 of a wave packet as the
time it takes to completely traverse an arbitrary height

level
dz

Zupper
T =
/z cg,2(2)’

lower

(8)

where Ziower and zypper are the lower and upper bound-
ary, respectively, of the wave packet at the time of de-
tection and ¢g ,(2) is the vertical group velocity as a
function of height. Monthly averaged values of u(z),
v(z), and T(z) were used for the calculation of ¢y ,(z).
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It is important to realize that the residence time 7 is
independent of the chosen height level: Consider an up-
ward propagating wave packet extending from 2jower to
Zupper. It will take the upper end of the wave packet
a certain time to reach an arbitrary height level above
Zupper.- The lower end of the wave packet will take the
same time plus the time it takes to propagate from zjower
to zupper- Thus the wave packet will be present at the
arbitrary height level for the residence time 7, inde-
pendent of the choice of the height level. Any change
in group velocity ¢4, along the propagation path is
compensated by a stretching or shrinking of the wave
packet. The residence time is therefore an invariant of
the gravity wave propagation and equals the time the
gravity wave source was turned on for the generation of
the observed wave packet. Note that our definition of
the residence time differs from that of Alezander [1998],
who defined the residence time as the ratio of a constant
height interval to vertical group velocity. Her residence
time is therefore a function of height, as she did not
take the shrinking and stretching of the wave packet
into account.

We can then define the intermittency of the wave

packet as
r

T’ ©)

where Tiax is the residence time of a hypothetical wave
packet extending over all those height regions where
it could have been observed with the applied analysis
method. Trax can be calculated as

€=

zm.x, dZ
Thax = / , 10
max o cg,z (Z) ( )
¥4
E<_. t
T
Tmax

Figure 3. Trajectory of a wave packet observed be-
tween boundaries ziower and Zypper- The residence time
T is the time the gravity wave source had to be switched
on to produce the observed wave packet. If the wave
packet extended over the whole observed height inter-
val [Zmin, Zmax],q the gravity wave source would have
had to be active for the whole time Tipax.
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Figure 4. Contour plot of average (top) wave action
flux and (bottom) intermittency as a function of hori-
zontal wavelength and ground-based frequency for sum-
mer. The dashed lines show the intervals over which the
data have been binned.

where the prime indicates integration over only those
height intervals where the vertical wavenumber m(z) is
within the observable range. The method is illustrated
in Figure 3.

The horizontal wavenumber vector ky, the ground-
based frequency w, the wave action flux F, and the wave
intermittency e are all invariants of the dissipation-
less wave propagation through a horizontally isotropic
steady state atmosphere. They fully characterize the
wave packet and its effect on the atmosphere in our
model. The applied observation method, however, can-
not provide information about the full (kn,w) spec-
trum. As indicated above, the radiosonde technique can
only observe gravity waves with vertical wavelengths
between ~1.2 and 11 km. Owing to this observational
filter, only certain parts of the (kn,w) spectrum are ob-
servable at each height. Changes in background wind
with height Doppler shift different parts of the (kn,w)
spectrum into the observable wavenumber range, so
that different parts of the spectrum can be observed
at different heights. Because of the invariance of ky,
w, F, and 1, however, these wave parameters are inde-
pendent of height and a larger part of the gravity wave
spectrum can be reconstructed. By using different ob-
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Figure 5. Same as Figure 4, but for winter.

servation techniques together, one can obtain more de-
tailed information about the spectrum.

Figures 4 and 5 illustrate the source spectra recon-
structed from our observations for summer and winter,
respectively. These source spectra correspond to the
spectra that, when input at a height of 15 km, will re-
produce the observed characteristics of the gravity wave
field. It is important to note that, for the reasons given
above, it is not necessarily the spectrum emitted by
a physical source somewhere in the lower atmosphere.
To obtain better statistics, all information about wave
propagation directions was discarded in our spectra and
only the magnitudes of the horizontal wavenumber vec-
tor ky, and the ground-based frequency w were utilized.
The figures contour plots of time-averaged wave action
flux

1 & (kn,w, 7)
Fkp,w) = — F(kp,w,i)||m—————— (11
(k) = 37 NP Gl G220 (1)
and source intermittency
N

- 1 T(kh,w,i)
€(kp,w) = = —_— 12
( h ) N =1 Tmax(khaw;l) ( )

where 7 is an index to the different radiosonde sound-
ings, and the data were slightly smoothed with a three-
point running mean. The analyzed height range was
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Figure 6. Average wave action flux as a function of
(left) horizontal wavelength and (right) ground-based
frequency for winter (dashed curve) and summer (solid
curve).

from 15 km to the maximum height of the sound-
ings, often reaching up to 30 km. The horizontal
wavenumber kj, and the ground-based frequency w were
binned logarithmically into 25 bins for the ranges &k, =
27/10"m...27/10®m and w = 0.1f...300f, respec-
tively.

For a better comparison of source strength between
the two seasons, the average source strength is shown
as a one-dimensional function of horizontal wavelength
and ground-based frequency for winter and summer in
Figure 6. It is evident that the total wave action flux in
the observed vertical wavenumber range is very similar
in magnitude for winter and summer. This corrobo-
rates the argument that the differences in horizontal
wind variance as presented in ZV (Figure 7) can be
largely due to seasonal changes in the background at-
mosphere. It is also noteworthy that while the gravity
wave field was shown in ZV to be clearly dominated
by low intrinsic frequency, inertia-gravity waves, the
Doppler shifting by the background wind leads to tails

Figure 7. Average wave action flux as a function of in-

trinsic horizontal propagation direction for (left) winter

and (right) summer. Units are N m™".



ZINK AND VINCENT: WAVELET ANALYSIS OF GRAVITY WAVES, 2

in the ground-based frequency distribution to both low
and high frequencies. Figure 7 shows the average wave
action flux as a function of intrinsic horizontal propa-
gation direction for winter and summer. In both cases
the observed wave action flux is distributed anisotrop-
ically. This observed anisotropy does not necessarily
imply an anisotropic wave field but may, again, be due
to the observational filter of the radiosonde method. If
the dominant background wind is confined to certain
azimuths, then only certain regions of the (ky,w) spec-
trum contribute to our observations, and what might
be an isotropic wave field can appear anisotropic in ob-
servations.

3.3. Mean-flow Accelerations

In our model we ray-traced all upward propagating
gravity wave packets detected above 15 km for each
month of the year to a maximum height of 100 km. As
a starting level we chose the lowest height above zgtqrt =
15 km from where a propagation of a wave packet to its
level of detection was possible in the given background
atmosphere (Figure 8). We make no assumptions about
the origin of the waves. They may have originated at
nearby heights through generation by wind shears, for
example, or they may have propagated horizontally into
the region of observation. Ray-tracing studies of inertia-
gravity waves observed at Macquarie Island by Guest
et al. [2000] show that the waves can propagate several
hundred kilometers from tropospheric sources located
to the west (upstream) of the island.

The wave action flux of the wave packet at the start-
ing level was adjusted to reach agreement between model
and observation at the detection level and to compen-
sate for any radiation damping effects. A height resolu-
tion of 500 m was used and no interaction of the packets
was allowed. As background atmosphere we used the
CIRA 1986 temperature and zonal winds of the respec-

Z

start

- U, cphase

Figure 8. Starting level for each wave packet, chosen
as the lowest height above zgtar; from where a propaga-
tion of the wave packet to its level of detection (crosses)
was possible. Wave propagation from a uniform start-
ing level zg;art could not reproduce the effects of waves
observed above a possible critical level (dashed lines).
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Figure 9. CIRA zonal winds (m s~!) linearly interpo-
lated to 55°S.

tive month linearly interpolated to the required latitude
of 55°S. A contour plot of the zonal wind profiles is given
in Figure 9. The acceleration was calculated using (1)
with

(pu'uw'é_) = ekF (13)

computed for each wave packet, with ¢ as the correction
factor required to account for the temporal average.
Figure 10 shows a contour plot of the inferred zonal
accelerations in the mesosphere. The accelerations are
most significant at regions of high wind shear, at around
85 km during summer and between 60 and 80 km during
winter. The magnitude of the wave drag in winter seems
to be about 2 to 3 times higher than the average drag
expected both from observations and theory [Fritts and
Vincent, 1987; Fritts and Yuan, 1989; Holton, 1983].
The accelerations deduced from our model, however,
are based on the data from a single station only and
might deviate from a zonal average over all longitudes.
In contrast to the decelarative effect of the waves in
the mesosphere, our model reveals an accelerative ef-
fect in the middle stratosphere (Figure 11). This is in
agreement with calculations of Alezander and Rosenlof
[1996], who used global measurements of temperature,
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Figure 10. Inferred zonal accelerations (m s~ d~1)
in the mesosphere. Solid contour lines correspond to
eastward acceleration.
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wind, and chemical constituents to estimate the zonal
mean forcing by unresolved waves in the stratosphere.

It is important to realize that the analysis of the ra-
diosonde data might be biased toward low intrinsic fre-
quency waves, as these waves usually have larger am-
plitudes than their high-frequency counterparts and are
thus easier to detect. Waves of high intrinsic frequency,
while smaller in amplitude, might still outweigh the ef-
fect of the observed low-frequency waves. Nevertheless,
our computations show that waves with low intrinsic
frequency in the stratosphere can have a profound im-
pact on the circulation in the middle atmosphere, at
least in our simple linear model.

4. Summary and Conclusions

We used the wave parameters of gravity wave packets
detected in the lower stratosphere over Macquarie Is-
land to assess the influence of the observed gravity wave
field on the mean flow. While a direct computation of
a vertical momentum flux profile corresponding to the
wave packets observed at the respective heights is possi-
ble, the observational filter of the radiosonde technique,
together with the Doppler shifting of the wave packets
due to a height-variable background atmosphere, pro-
hibit the determination of mean-flow accelerations from
these profiles.

To overcome this problem, we input the detected
waves in a linear ray-tracing model from a common
source level. The calculation of a momentum flux pro-
file is then possible even at those heights, where the
wave packets would be outside the observationally ac-
cessible vertical wavenumber range. The definition of a
wave source intermittency then allows the calculation of
a temporally averaged momentum flux profile for each
detected wave packet.

The inferred mean-flow decelerations in the meso-
sphere were shown to be up to a factor of 2 to 3 times
higher than measurements and theory would predict.
In the lower stratosphere the waves lead to an acceler-
ation of the mean flow in accordance with theoretical
predictions.
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In conclusion, it should be emphasized that there are
a number of limitations to our approach. First, the
observational filtering inherent in the radiosonde mea-
surements means that only part of the wave spectrum
is included. High phase speed, long vertical wavelength
waves are not observed, so that our results pertain to
low-frequncy inertia-gravity waves. Second, for reasons
of computational efficiency and lack of information on
the gravity wave field at other latitudes, we adopt a
single-column approach and neglect meridional propa-
gation. This is not to say that drag due to meriodion-
ally propagating gravity waves may be not be important
le.g., Lieberman, 1999]. Within these limitations, how-
ever, our results show that lower stratospheric inertia-
gravity waves can significantly influence the momentum
budget of the upper middle atmosphere, contrary to
what is sometimes assumed.
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